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Abstract: Natural cementation affects the properties of soils, the interpretation of in situ and laboratory test results,
and the selection of criteria for geotechnical design. In this paper, published experimental studies are reviewed, a
microscale analysis is presented of the effect of cementation on small-strain stiffness for distinct stress–cementation
histories, and the effect of cementation on small-strain velocity and damping is experimentally studied. Observations
include the prevailing effects of cementation over effective stress, the coexistence of frictional and viscous losses, and
the effects of decementation when the medium is unloaded from the level of confinement prevailing during cementa-
tion.
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Résumé: La cimentation naturelle affecte les propriétés des sols, l’interprétation des résultats des essais in situ et en
laboratoire, et la sélection de critères pour la conception géotechnique. Dans cet article, des études expérimentales
publiées sont passées en revue, suivies par une analyse de l’effet de la cimentation sur la rigidité à faible déformation
pour les histoires distinctes de cimentation de contraintes. Ensuite, on étudie expérimentalement l’effet de la
cimentation sur la vitesse à faible contrainte et sur l’amortissement. Les observations comprennent les effets de la
cimentation prévalant sur la contrainte effective, la coexistence des pertes visqueuse en frottement, et les effets de la
cimentation lorsque le milieu est déchargé par rapport au niveau de confinement prévalant durant la cimentation.

Mots clés: vitesse d’ondes, réponse sismique, rigidité, amortissement, effets de l’échantillonnage, histoire des
contraintes.

[Traduit par la Rédaction] Notes 199

1. Introduction

Diagenesis begins at the time of soil deposition and con-
tinues while the sediment becomes a sedimentary rock. It
may involve changes in the surface texture of the material,
changes in fabric, the formation of interparticle bonds, and
the change in internal distribution of contact forces. Most
natural soil deposits possess some degree of cementation re-
sulting from the deposition or precipitation of cementing
agent around and at particle contacts. Some of these agents
lithify the soil without any modification of the detrital
grains. However, other agents produce more complex
physicochemical reactions, including changes in the original
sediment (Mitchell 1993; Larsen and Chilingar 1979; Blatt
1979).

Cementation, caused by either natural or artificial soil sta-
bilization processes, can have a remarkable influence on the
small- and large-strain behavior of soils. Hence, cementation
effects should be taken into account in the design of founda-
tions, analysis of the dynamic response of the subsurface,
and evaluation of stability problems (see, for example, Arkin
and Michaeli 1985; and Poulos 1988).

The study of cemented soils in the laboratory demands
special specimen preparation and testing procedures. Natu-
ral, lightly cemented soils can undergo partial and even com-
plete decementation during sampling. On the other hand, the
preparation of artificially cemented specimens in the labora-
tory can be a challenging task; ideally, artificial specimen
preparation and testing should simulate the in situ processes
that caused cementation and its history. Two distinct stress–
cementation histories can be identified: either the soil stra-
tum is loaded first and cemented afterwards, or the soil is
first cemented and then loaded.

This paper reviews published experimental results related
to the mechanical behavior of naturally and artificially ce-
mented sands, presents a micromechanical analysis of the
small-strain stiffness for different stress–cementation histo-
ries, and presents an experimental study on the evolution of
small-strain stiffness and damping during cementation and
loading. Small-strain parameters do not affect ongoing ce-
mentation–decementation processes. Furthermore, the em-
phasis on small-strain parameters reflects the increased
interest for near-surface characterization with seismic waves,
and the potential identification of lightly cemented sites with
seismic methods.

2. Mechanical properties: prior studies

The small- and large-strain behavior of soils are affected
by cementation. A brief review of published data follows.
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2.1. Large-strain behavior: peak and residual shear
strength

The load–deformation behavior of cemented loose speci-
mens is brittle at low confining pressures and changes to-
wards ductile as confinement increases (Clough et al. 1981;
Airey and Fahey 1991; Lade and Overton 1989). Brittle,
strain-softening, post-peak behavior is often associated with
localization and the formation of fracture planes in cemented
soils (Schanz 1998).

The strength of cemented sands depends on the strength
of the cementing agent and the strength of sand grains. At
low stresses, cementation controls the peak strength, and the
shear intercept increases with cement content (Dass et al.
1994; Dupas and Pecker 1979; Acar and El-Tahir 1986). At
large stress, the peak angle of shear strengthφpeak is not sig-
nificantly changed by the degree of initial cementation
(Saxena et al. 1988a; Acar and El-Tahir 1986; Reddy and
Saxena 1993). After the failure of cementing bonds, the fric-
tion between sand grains provides the residual strength,
which is characterized by cohesionc = 0 and residual angle
of shear strengthφres independent of the degree of initial ce-
mentation.

Cemented specimens are more prone to exhibiting dilative
behavior at low confinement, because cemented small parti-
cles form highly interlocked large particles (Saxena et al.
1988b; Saxena and Lastrico 1978; Lade and Overton 1989).
Regions of no breakdown, stable breakdown, and rapid
breakdown of cementation have been detected (Airey and
Fahey 1991). Typically, such regions correspond to elastic
loading without pore-pressure generation, stabilization after
pore-pressure buildup, and steady pore-pressure buildup and
failure, respectively. Even though cemented sands can liq-
uefy, they possess high initial resistance to volume change
which reduces pore-pressure generation and increases their
resistance to cyclic liquefaction (Clough et al. 1989).

2.2. Small-strain behavior
Large increments in shear wave velocity due to cementa-

tion have been reported in prior studies (for example, Acar
and El-Tahir 1986 report a 60% increase); therefore, the nat-
ural period of the deposit will be overestimated when
uncemented values are used in the analysis. The stiffness in-
creases with cement content. Experimental data by Baig et
al. (1997) show that the application of confining stresses to a
cemented specimen causes the breakdown of cementation.
Hence, overloading cemented specimens can cause a de-
crease in the maximum shear modulusGmax.

Experimental results on the effect of cementation on
damping are inconclusive, in part due to differences in load–
cementation histories followed during specimen preparation.
The following trends are most common among different
published results (Chang and Woods 1988; Acar and El-
Tahir 1986; Saxena et al. 1988a): (i) the damping ratio of
lightly cemented sands is higher than that corresponding to
uncemented sands; and (ii ) the damping ratio increases as
the cement content increases until a peak is reached, then it
decreases with further increments in the cement content.

2.3. Summary
The behavior of naturally or artificially cemented sands is

affected by cement content, confining pressure, and load–

decementation history. Two stress regimes can be identified:
a low-stress region where behavior is controlled by the ce-
mentation, and a high-stress region where the response is
controlled by the state of stress and it resembles the
uncemented medium.

3. Micromechanical analysis

The following analysis of the small-strain stiffness of ce-
mented soils is based on the Hertzian contact between two
spherical particles. Two cases are considered. In the first
case, the load is applied first, then cementation coats the par-
ticles. In the second case, the particulate medium is ce-
mented first, and then the load is applied.

3.1. Uncemented particles: Hertzian contact
Consider two elastic spheres of equal radiusR subjected

to a normal loadP. The radiusa of the circular contact area
is

[1] a
G

PR= −3 1
8

( )υm

m

whereυm is Poisson’s ratio, andGm is the shear modulus of
the material (Richart et al. 1970; White 1983). The normal
load P can be expressed in terms of the average normal
stress for an equivalent continuumσ. For a simple cubic
packing, the contribution area for one sphere is 4R2. Thus

[2] P = 4σR2

The generalization to other packings can be readily imple-
mented, yet the results are little affected. The solution pre-
sented herein is clear and simple (for the analysis of random
packing, see Chang et al. 1990). Substituting eq. [2] into
eq. [1], and dividing byR, the normalized radius of the con-
tact area is
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The tangent elastic modulusET of the particulate skeleton
for uniaxial loading is equal to
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whereε is strain. Rearranging,
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Equation [5] can be written in dimensionless form as
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This equation highlights that the normal stiffness of the par-
ticulate skeleton at small strain is determined by the size of
the contact. This observation can be extended to the compu-
tation of stiffness for small-strain perturbations, regardless
of the mechanism that produced the contact area (Cascante
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and Santamarina 1996; an alternative approach can be found
in George et al. 1985).

3.2. Loading before cementation (LbC)
Loading before cementation is a common sequence in na-

ture, where materials are compressed by the weight of over-
burden deposits followed by diagenetic cementation
processes. The following assumptions are made to model
this case: (i) after the confinement has been applied, the ce-
menting agent attaches progressively to the surface of
spheres, creating a coating of uniform thicknesst; (ii ) the ce-
menting material has the same mechanical parameters as the
material of the spheres; and (iii ) compatibility of deforma-
tions between the spheres and the cementing agent is satis-
fied upon further loading, i.e., there is no debonding
(applicable until cementation breaks).

These hypotheses are particularly valid in formations such
as carbonate sands. The relationship between the cement
content by weight, CC =Wcement/Wparticles, and the thickness
of the coatingt is readily obtained from geometric consider-
ations (Fig. 1b):

[7] 1
1
3+ = +t

R
( )CC 1

This increment in the radius of the spheres has an important
effect in the contact area between spheres. The enlarged con-
tact area isac:

[8] ac = ao + ∆a

where ao is the contact area produced by the loadP, as pre-
dicted by eq. [1], and∆a is the increment in the radius due
to cementation. From Fig. 1,ac is
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Fig. 1. Comparison between the two load–cementation histories: (a, b) loading before cementation (LbC); (c, d) cementation before
loading (CbL).
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In dimensionless form
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Combining eqs. [3], [7], and [10],
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Substituting eq. [11] in eq. [6] renders the small-strain nor-
mal modulusET of the cemented skeleton as a function of
cementation CC and the applied stressσ:
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3.3. Cementation before loading (CbL)
The second case in the analysis involves a particulate me-

dium that is cemented before the load is applied. This is the
most common sequence reproduced in laboratory tests (for
example, Saxena et al. 1988a; Acar and El-Tahir 1986).
Once again, it is assumed that (i) the cementing material has
the same mechanical parameters as the material of the
spheres, and (ii ) compatibility of deformations between the
spheres and the cementing agent is satisfied upon further
loading. The initial radius,ao, of the unstressed but ce-
mented contact is (from geometry)

[13] a R t Ro = + −[( ) ] /2 2 1 2

This would be the radius of the contact produced by a hypo-
thetical confinementσhyp (from Hertz’s theory):
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In dimensionless form,
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Combining eqs. [3], [7], and [15],
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Thus, the hypothetical stressσhyp that would produce a simi-
lar contact area is
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If a stressσ is applied after cementation so that

[18] σ′ = σhyp + σ

whereσ′ is the equivalent stress, the radius of the contact
area becomes
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Then the normal tangent modulusET in dimensionless form
is
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Combining eqs. [17], [18], and [20],
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3.4. Comparison between the two cases
Equations [12] and [21] capture the interplay between ce-

mentation and confinement on the small-strain tangent
modulus of a lightly cemented soil. The predicted trends are
plotted in Fig. 2. The ratioσ/Gm tends to be very small,
hence a small quantity of cement can override the effect of
the stress on the small-strain stiffness applicable to many
practical geotechnical situations. The normalized modulus
ET/Gm remains constant for small values of the applied
stress; this is the “cementation-controlled region.” As the ap-
plied stress increases, the tangent modulus approaches values
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Fig. 2. Comparison between the two load–cementation histories:
micromechanical model (assuming a Poisson’s ratio of 0.25).
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that correspond to the uncemented soil; this is the “stress-
controlled region.” The existence of these two regions ex-
plains conclusions by Poulos (1988) regarding the
overprediction of settlement at low confining stress.

For the same cement content and at low confinement, the
tangent modulus is greater for the case of loading before ce-
mentation than for cementation before loading because parti-
cles loaded before being cemented develop a larger contact
area (for the same CC). At very low confinements (σ/Gm → 0),
the ratio between eqs. [12] and [21],ET

(LbC)/ET
(CbL), ap-

proaches 1 + CC/9 (Fig. 2b). Results in Fig. 2 clearly show
that cementation can be significantly more important than
the stress–cementation history of the process (either CbL or
LbC).

3.5. Tensile strength decementation
The tensile strength of a cemented specimen is computed

assuming that the cement at contacts experiences brittle fail-
ure. The tensile strengthT of the contact is

[22] T = σ πT
cement

c
2a

whereσ T
cement is the tensile strength of the cement (an alter-

native derivation of the tensile strength as a function of the
coordination number can be found in Ingles 1962; see also
Mitchell 1993). Assuming the area of influence for a particle
to be 4R2, the tensile strength of the soil is

[23] σ σ π
T
soil

T
cement c

2
= a

R4 2

Rearranging terms and invoking eq. [16],
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The value ofσ T
soil is twice the shear intercept in the Mohr-

Coulomb space, and it defines the strength of the cemented
soil in the cementation-controlled region. This equation also
predicts the change in stress a soil can take during unloading
before cemented contacts fail, as discussed later in the paper.

4. Experimental study

The experimental study was designed to assess the small-
strain variations in stiffness and damping in sands during ce-
mentation and stress changes. Two different load–cementa-
tion histories were reproduced. Results are also analyzed to
elucidate the potential effects of decementation during iso-
tropic loading or unloading.

4.1. Sample preparation
The materials used in these tests are (i) fine, subangular,

siliceous sand (D50 = 0.32 mm,Cc = 0.98, andCu = 2.1,
where Cc and Cu are coefficients of curvature and unifor-
mity, respectively); and (ii ) Portland cement No. 2, used as
cementing agent. The cement content was limited to 2% by
weight to produce a lightly cemented specimen. The water
to cement ratio was 1.0 to facilitate soil–cement mixing. The
water and the cement were mixed first. The sand was added
to the paste and specimens were thoroughly mixed for
10 min. The mixture was placed and compacted in layers
into a mold inside the resonant column device. The latex

membrane was held by vacuum against the wall of the mold
(the dry unit weight of specimens wasγ = 15.6 kN/m3; the
7 day unconfined compressive strength was 137.76 kPa and
was reached at an axial strain of 1.40%). The complete pro-
cess of mixing, filling the mold, and assembling the resonant
column took less than 45 min. Once the specimen was pre-
pared and the top cap was placed, negative pressure was ap-
plied to remove the mold. The negative pressure was
eliminated as the desired confining pressure was applied.

4.2. Resonant column tests
Long-term resonant column tests were run with a Stokoe

torsional resonant column device (SBEL D1128). Standard
test procedures were modified to excite the column with ran-
dom noise (Cascante and Santamarina 1997). The shear
strain level remained between 1.5 × 10–5 and 5.5 × 10–5%.
The following discussion centers on two complete test se-
quences (various similar tests were conducted to confirm re-
sults in the different regimes and at intermediate conditions).

In the first test, the specimen was left to cure at a confin-
ing pressure of 70 kPa. The hardening of the specimen was
monitored until its stiffness, in terms of its resonant fre-
quency, became constant (usually 6–7 days). This test se-
quence simulates cementation before loading (CbL). The
confining pressure was then increased to 415 kPa. Finally,
the specimen was unloaded to 70 kPa.

The second test simulates a soil subjected to high confin-
ing pressure before the cementing agent bonds the particles
(LbC). The initial pressure was set to 415 kPa, and the hard-
ening of thematerial was monitored as in the first test.

© 2001 NRC Canada
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Fig. 3. Evolution of small-strain parameters during cementation.
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Afterwards, an unload–reload cycle was performed, decreas-
ing the confining pressure to 70 kPa followed by reloading
to 415 kPa.

4.3. Experimental results
The time-dependent variations in shear wave velocity and

damping during cementation are shown in Fig. 3. For the
first 300 min (early hydration stage), there is no influence of
the cement on the stiffness of either specimen. The higher
stiffness of the LbC specimen reflects the higher applied
confinement. As the cement hardens the stiffness of the soil–
cement mixtures increases significantly. After 7 days
(-10 000 min), the difference in stiffness between the two
specimens is small because cementation controls the stiff-
ness in both specimens. At 10 000 min, the ratio of the shear
stiffness between the two specimens is about 1.06. The pre-
dicted ratio isET

(LbC)/ET
(CbL) = 1.02 (Fig. 2).

The change in damping with time is similar in both tests.
Both trends show a slight increase during hardening. The
specimen with higher confinement has lower damping, as
would be expected in frictional loss. However, damping val-
uesD are significantly higher than would be expected for the
dry sand skeleton (expectedD ≈ 0.5%; Santamarina and
Cascante 1996). The increase in damping with time cannot
be explained from frictional losses, which are expected to
decrease with cementation. The effect of frequency as an in-
dicator of viscous losses is explored in Fig. 4 where the
measured damping is plotted versus the corresponding reso-
nant frequency (Winkler and Nur 1982; Yale 1985). The lin-
ear trend suggests that the measured increment in damping
observed inFig. 3 is of a viscous nature (excess mixing
water remains in the specimen). Once stiffness stabilizes (at
t > 3000 min), the damping ratio remains constant. The
overwhelming viscous effects preclude a detailed analysis of
the evolution of frictional damping during cementation. Re-
sults shown in Fig. 4 are in agreement with experimental
data on materials such as sandstones at different moisture

contents (e.g., Born 1941). The zero-frequency intercept
points to frictional losses (Armstrong 1980; Attewell and
Ramana 1966). The higher intercept for the CbL specimen
(70 kPa) than for the LbC specimen (415 kPa) supports this
hypothesis.

The results for the load–unload cycle for the CbL speci-
men are shown in Fig. 5a. The stiffness of the specimen in-
creases linearly with an increase in the confining pressure.
For comparison, velocity–stress data for the uncemented
sand are also shown. Results for the unload–reload cycle for
the LbC specimen are presented in Fig. 5b. In this case, the
stiffness of the specimen decreases significantly during un-
loading, and the loss in stiffness is only partially recovered
upon reloading. These results suggest that cemented bonds
broke in tension during the initial unloading stage.

Experimental data in Fig. 5 are fitted using the velocity–
stress power modelVs = ασβ, whereVs is the shear wave

© 2001 NRC Canada
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Fig. 4. Frequency-dependent damping: viscous and frictional
losses.

Fig. 5. Change in confinement after cementation, showing the ef-
fect on shear wave velocity.
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velocity, andα andβ are experimentally determined parame-
ters. In the CbL specimen the exponents are very small in
both loading and unloading (less thanβ ≈ 0.02), and the cor-
responding exponents in the LbC specimen increase toβ >
0.1 The following reference values for the velocity–stress
exponent are relevant:β = 0.25 for uncemented sands,β =
0.17 for particulate media with Hertzian contact, andβ = 0
for linear solids (see a related discussion in Aloufi and
Santamarina 1995). These results show that light cementa-
tion is sufficient to mask the particulate, nonlinear nature of
the soil at small strains.

The clear difference in the evolution of stiffness between
the two specimens shows that unloading is more detrimental
to the cemented material than isotropic loading. Further-
more, a medium cemented after loading experiences tension
in the cementation bridges during unloading, leading to
decementation (loaded particles act like compressed springs;
if cementation develops after loading, particles stretch dur-
ing unloading and the cement goes into tension).

The evolution of damping during the load cycle is plotted
in Fig. 6. Damping decreases with increasing confining pres-
sure in the CbL specimen, and both loading and unloading
paths are similar (Fig. 6a). In the LbC specimen, the damp-
ing increases as the confinement pressure decreases, follow-

ing the same behavior as that of the first specimen until ce-
mented bonds start breaking (-240 kPa, which corresponds
to -175 kPa of unloading; refer to eq. [24]); therefore damp-
ing decreases as the sample is unloaded (Fig. 6b). It is diffi -
cult to separate viscous from frictional contributions in these
plots. Figures 6c and 6d present the same damping data plot-
ted against frequency. The region where damping decreases
with increasing confinement and increasing frequency re-
flects prevailing frictional losses.

4.4. Additional observations
Experimental results from both CbL and LbC tests have

been used to validate the micromechanical models of cemen-
tation, for a cement content CC = 0.5% (Fig. 7). The CbL
model is compared with the loading stage of the CbL experi-
ment. As for the LbC model, the experimental data shown
correspond to the first part of the unloading stage, before
decementation occurs. The fitting parameters used in model-
ing the data are the shear wave velocity in the cementing
material (Vsm = 3500 m/s) and Poisson’s ratio (υm = 0.20).

The increase in damping during cementation was ex-
plained as the effect of viscous damping associated with the
increase in resonant frequency. However, an alternative hy-
pothesis may beraised related to limitations in resonant
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Fig. 6. Change in confinement after cementation, showing the effect on damping.
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column testing: as the specimen becomes stiffer, theimpedance
mismatch between the specimen and the bottom plate of the
resonant column device decreases, and energy may leak
through the base. This hypothesis was tested with calibration
specimens of different resonant frequencies (within the
range of the tests). The device was clamped at the base to
various masses. Similar damping values were obtained in all
cases. Therefore, it is concluded that trends observed in
Fig. 3b reflect viscous damping effects only.

5. Conclusions

Published data and new experimental results obtained in
this study support the following observations:

(1) The effect of cementation on strength and stiffness
prevails at low stress. At high stress, the particulate nature of
the medium takes over, rendering stress-dependent strength
and stiffness. The transition stress between the low- and
high-stress regimes increases with the amount of cementa-
tion.

(2) In the low-stress “cementation-controlled region,” soils
exhibit brittle behavior, even in fairly loose specimens, and
localization is expected. Dilation tends to be higher for ce-
mented sands than for uncemented sands.

(3) Changes in isotropic confinement can cause
decementation. The effect is more pronounced when the me-
dium is unloaded from the level of confinement prevailing
during cementation, because cementation bonds are sub-
jected to tension. In this context, the load–cementation his-
tory is important.

(4) The small-strain stiffness of sands can increase by an
order of magnitude or more due to cementation.

(5) Load before cementation produces a medium with
higher stiffness than cementation before loading, but the dif-
ference is relatively small. In this case, the load–cementation
history is not relevant.

(6) Cemented soils exhibit very limited changes in wave
velocity due to stress changes, until decementation begins to

take place. Hence, small cementation can hide the particu-
late nature of soils as manifested at small strains.

(7) Changes in damping during cementation must be care-
fully analyzed. In particular, comparisons must be made at
the same frequency and moisture, due to the prevailing ef-
fect of viscous damping.
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